Isolated in vitro more than half a century ago, the H37Rv strain of Mycobacterium tuberculosis still remains the strain of choice for the majority of laboratories conducting in vivo studies of TB pathogenesis. In this report we reveal that H37Rv is highly prone to losing the ability to synthesize the cell wall lipid phthiocerol dimycocerosate (PDIM) during extended periods of in vitro culture. In addition, H37Rv stocks that have been held in vitro for even a short length of time should be thought of as a heterogeneous population of PDIM-positive and PDIM-negative cell types. We demonstrate that after weekly subculture of PDIM-positive isolates over a period of 20 weeks, the proportion of PDIM-negative cells rises above 30 %. That PDIM biosynthesis is negatively selected in vitro is evident from the broad range of mutation types we observe within cultures originating from a single PDIM-positive parental clone. Moreover, the appearance of these multiple mutation types coupled with an enhanced growth rate of PDIM-negative bacteria ensures that 'PDIM-less' clones rapidly dominate in vitro cultures. It has been known for almost a decade that strains of M. tuberculosis that lack PDIM are severely attenuated during in vivo infection. Therefore, the loss of PDIM raises a very serious issue in regard to the interpretation of putative virulence factors where heterogeneous parental cultures are potentially being compared in vivo to recombinant clones isolated within a PDIM-negative background. It is essential that researchers undertaking in vivo virulence studies confirm the presence of PDIM within all recombinant clones and the parental strains they are derived from.
INTRODUCTION
Despite the availability of effective chemotherapy and a partially effective vaccine for more than half a century, there are still around two million human deaths each year due to infection with Mycobacterium tuberculosis, the bacterial agent responsible for tuberculosis (TB) (World Health Organization, 2006) . The effects of this devastating disease are exacerbated in many regions of the world as a result of malnutrition, HIV co-infection and multiple drug resistance (Dye, 2006) . Encouragingly, there have been some tremendous advances in our knowledge of the genetics underlying M. tuberculosis metabolic pathways and the biosynthesis of potential virulence-associated molecules in the decade since the publication of the complete genome sequence of M. tuberculosis (Cole et al., 1998) . The challenge now is to try to translate these 'postgenomic' findings into measurable improvements in terms of diagnosis, treatment and prevention of TB disease.
To date, the overwhelming majority of studies aimed at deciphering the molecular and biochemical basis of M. tuberculosis pathogenesis at both the in vitro and in vivo (macrophage or animal model) level have involved the ubiquitous H37Rv strain. The progenitor of H37Rv (known as H 37 ) was isolated in 1905 from the sputum of a patient with chronic pulmonary TB and following an extended period of laboratory selection was 'dissociated' into avirulent (H37Ra) and virulent (H37Rv) forms (Steenken et al., 1934; Steenken, 1950) . Due to its widespread distribution in laboratories around the world and a long history of use in a variety of biochemical and virulence assays, the H37Rv strain was the obvious choice for the original TB genome-sequencing project (Cole et al., 1998) . To date, it has also been the strain of choice for the majority of targeted mutagenesis studies, which have involved both plasmid and phage-based technologies. H37Rv was also employed in the in vitro and in vivo gene essentiality screens based on the TraSH (transposon site hybridization) technique (Rengarajan et al., 2005; . The results of the latter are frequently consulted in the context of identifying potential drug targets for future TB drug development programmes (Murphy & Brown, 2007) .
One of the first examples of the application of a 'postgenomic' approach to investigating M. tuberculosis pathogenesis was the demonstration that the wax-like compound phthiocerol dimycocerosate (PDIM) was necessary for full virulence in the mouse model of tuberculosis (Camacho et al., 1999; Cox et al., 1999) . This cell-wall-associated lipid is composed of a long-chain b-diol (phthiocerol) esterified to two multi-methyl branched fatty acids (mycocerosic acids). At least three independent studies have confirmed that M. tuberculosis mutants deficient in PDIM synthesis or translocation are severely attenuated in vivo (Camacho et al., 1999; Cox et al., 1999; Domenech et al., 2005) . None of these studies have reported an in vitro defect associated with the loss of PDIM. The relative importance of this lipid to the biology of M. tuberculosis infection can also be gleaned from the fact that approximately 50 kb (.1 %) of the genome is dedicated to the biosynthesis and transport of this complex molecule (Cole et al., 1998; Onwueme et al., 2005) . Although there are publications pointing to a role for PDIM in TB pathogenesis that go back to the early 1970s (Goren et al., 1974) , its precise mode of action is still not entirely clear. Recent articles have suggested multiple roles ranging from host plasma membrane modification (Astarie-Dequeker et al., 2009 ) to innate immune modulation (Rousseau et al., 2004) and protection of the bacteria from host-derived reactive nitrogen intermediates (Rousseau et al., 2004) .
In spite of the obvious advantages to using H37Rv for laboratory-based virulence assays (sequence availability, drug sensitivity, amenability to genetic manipulation, etc.), during our previous work on polyketide synthase (PKS) biosynthetic pathways and putative lipid-transport proteins in M. tuberculosis (Domenech et al., 2004 (Domenech et al., , 2005 Reed et al., 2004) we observed that a disproportionately high number of gene-replacement mutants that we had generated in the H37Rv background were completely devoid of PDIM. This was despite the fact that we were targeting genes in pathways that were not predicted to have an impact on PDIM biosynthesis. Moreover, these same mutants constructed in strains other than H37Rv retained the ability to synthesize PDIM (authors' unpublished observations). Indeed, there are even a few recorded instances in the literature where independent laboratories have published discordant results with respect to the proposed involvement of particular genes in PDIM biosynthesis (Matsunaga et al., 2004; Saxena et al., 2003; Sirakova et al., 2003; Waddell et al., 2005) . In hindsight, it seems likely that the loss of PDIM in these instances was unrelated to the pathways being studied. Mayer Goren and colleagues first noted that H37Rv had a propensity for losing the ability to synthesize PDIM during in vitro culture back in 1974 (Goren et al., 1974) . That this phenomenon occurs relatively frequently is evident from three recent publications that document the loss of PDIM from H37Rv (Andreu & Gibert, 2008; Kana et al., 2008; Manjunatha et al., 2006) .
If we accept that (a) PDIM appears to be lost during in vitro culture with some regularity, (b) the loss of PDIM is associated with attenuation in vivo, and (3) the majority of researchers carrying out in vivo pathogenesis studies of mutants derived from H37Rv (or other M. tuberculosis strains) do not routinely screen for the presence of PDIM, then there is every likelihood that at least a portion of virulence-attenuating mutations described thus far should have been attributed to the loss of PDIM rather than to the particular genes/pathways under investigation. This possibility prompted us to carry out the present study aimed at identifying the mechanisms underlying the loss of PDIM synthesis, and the frequency with which this occurs for two H37Rv lines (ATCC and Pasteur) and two recent clinical isolates. We also wanted to investigate whether transformation and/or drug selection procedures might enhance the selection of PDIM-deficient mutants in the laboratory. Our data indicate that the loss of PDIM occurs spontaneously within liquid culture and can involve multiple mechanisms, including gene deletion and regulatory mutations. Shortly thereafter, these PDIM-negative clones are able to dominate within a mixed cell population due to a slight enhancement in their in vitro growth rate as compared to PDIM-positive clones. The potential implications of these findings for researchers carrying out in vivo virulence studies employing H37Rv are discussed.
METHODS
Bacterial strains and in vitro culture. Two independent stocks of M. tuberculosis H37Rv were originally obtained from the American type Culture Collection (ATCC 27294) and the Institut Pasteur (Paris, France) and are referred to herein as H37Rv-ATCC and H37Rv-Pasteur, respectively. H37Rv-Pasteur was the strain used in the M. tuberculosis genome-sequencing project of Cole et al. (1998) . In addition, two recent clinical isolates belonging to the East-Asian, or W/Beijing, lineage were included in this study (Gagneux & Small, 2007) . One, referred to here as B-4, was kindly provided by Dr Sebastien Gagneux (NIMR, Mill Hill, UK). The other, HN878, was originally obtained from Dr James Musser (Methodist Hospital Research Institute, Houston, TX, USA) (Sreevatsan et al., 1997) . All strains were grown in Middlebrook 7H9 broth (Difco) supplemented with 10 % ADC [NaCl, 8.1 g l 21 ; BSA Fraction V (Calbiochem), 50 g l
21
; glucose, 20 g l 21 ], 0.2 % glycerol and 0.05 % Tween 80, or on Middlebrook 7H11 agar (Difco) supplemented with 10 % OADC enrichment (as ADC plus 0.6 ml oleic acid l 21 and 3.6 mM NaOH). Kanamycin (25 mg l 21 ) was included where indicated. All chemicals were supplied by Sigma-Aldrich unless otherwise noted. For the in vitro growth curves, bacterial cultures were adjusted to an OD 600 of 0.1, diluted 1 : 100 in 7H9 and allowed to grow for 12 days at 37 uC with constant rolling. On days 9 and 12, cultures were diluted 1 : 3 prior to measuring the OD 600 . The OD 600 values of the undiluted cultures were obtained by multiplying these values by a factor of 3. To confirm that the loss of PDIM does not lead to a significant alteration in OD 600 , c.f.u. were determined for each culture on day 0. Lipid analysis. Apolar lipid extraction and analysis was carried out essentially as described by Slayden & Barry (2001) . Individual colonies were grown at 37 uC in 1.5 ml 7H9/ADC (in 5 ml tubes with a 2-position ventilation cap; Sarstedt) with occasional shaking for 3-4 weeks. Then 100 ml aliquots of these cultures were added to 1 ml 7H9/ADC (in 4 ml cryovials; Simport) containing 0.1 mCi (3.7 kBq) ml
Bq ml 21 ; American Radiolabelled Chemicals) and incubated at 37 uC with continuous rolling for 7 days prior to lipid extraction. Following centrifugation, the bacterial pellets were resuspended in 600 ml methanol/0.3 % aq. NaCl (10 : 1, v/v) to which 300 ml petroleum ether was added. After 10 min of vigorous mixing, the samples were centrifuged and the upper (petroleum ether) phase containing the apolar lipid fraction was removed and dried. Lipid samples were resuspended in 25 ml petroleum ether and 5 ml aliquots were spotted onto TLC plates (250 mm silica gel 60 plates; EM Science). Plates were run three times in petroleum ether/ethyl acetate (98 : 2, v/v) for the detection of PDIM, or once in chloroform/methanol/water (100 : 14 : 0.8, by vol.) for sulfolipid-1 detection. TLC plates were visualized using a Storm 840 PhosphorImager (GE Healthcare).
General nucleic acid techniques. Electrocompetent M. tuberculosis were prepared as described by Snapper et al. (1990) and transformed with the pMV361 integrative vector containing a kanamycinresistance marker (Stover et al., 1991) . Mycobacterial DNA was isolated according to Pelicic et al. (1997) and total RNA was purified from cultures grown to OD 600 0.2 using the method of Sherman et al. (2001) . Residual genomic DNA was removed from RNA samples via treatment with RNase-free DNase I (Fermentas). cDNA for qRT-PCR analysis was generated using RevertAid M-MuLV Reverse Transcriptase (Fermentas) together with random hexamer oligonucleotide primers (Invitrogen).
Microarray analysis. Whole-genome microarray analysis was carried out for both genomic DNA and RNA according to established protocols (Mostowy et al., 2004) with some minor modifications. A 2 mg sample of purified genomic DNA was directly labelled with Cy3 or Cy5-dCTP (GE Healthcare) using DNA polymerase I Klenow fragment and a mixture of 6-mer and 9-mer random primers (New England Biolabs). Four-microgram samples of RNA were used in the preparation of cDNA labelled with either Cy3 or Cy5-NHS esters (GE Healthcare) via the aminoallyl indirect labelling method (Yu et al., 2002) in the presence of RevertAid M-MuLV Reverse Transcriptase (Fermentas). Labelled genomic DNA and cDNA was subsequently purified using the QIAquick PCR Purification kit (Qiagen), and samples to be co-hybridized on the same array were mixed and concentrated to 6 ml in a Savant SpeedVac Concentrator. The M. tuberculosis whole-genome microarrays used in these experiments were kindly provided by Dr M. Behr (McGill University). These arrays are composed of 70 bp oligonucleotides (TB Array-Ready Oligo Set, Operon) printed in duplicate as sixteen 20 (rows)621 (columns) grids on Sigmascreen microarray slides (Sigma). A Virtek Chipwriter (model SDDC2; Virtek) was used for printing the arrays. Microarray hybridization was carried out in GE Healthcare hybridization buffer in the presence of yeast tRNA (0.2 mg ml
) at 42 uC for 16 h. Following hybridization, microarray slides were washed three times (15 min per wash) with 0.56 SSC+0.01 % SDS, 0.066 SSC+0.01 % SDS and 0.066 SSC. The first and second washes were performed at 37 uC, while the last was at room temperature.
Microarrays were scanned using a confocal laser scanner (ScanArray Lite; Packard) and fluorescence intensities were quantified with ScanArray Express software (Packard). Mean fluorescence values for each spot, minus the surrounding background, were used in the analysis. Spots flagged as misrepresentative or those with a negative value following background correction were excluded from further analysis. The fluorescence intensity ratios (Cy3/Cy5 or Cy5/Cy3) were calculated for each spot, log 10 transformed and then normalized with respect to the mean value of all fluorescence ratios. A Z-score [Z5(log 10 fluorescence ratio2mean)/standard deviation] was calculated for each spot and the Z-scores for each gene were averaged across all replicates. For genomic DNA comparisons, two independent arrays were analysed for each pair of samples (Cy3/Cy5 and Cy5/ Cy3). In the same manner, two independent biological replicates were analysed for each M. tuberculosis strain for the RNA expression analysis (a total of 2-4 arrays for each experiment). The data discussed in this publication have been deposited in NCBI's Gene Expression Omnibus (Edgar et al., 2002) and are accessible through GEO Series accession numbers GSE17232 and GSE17234 (http:// www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE17232; http://www. ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE17234).
Competition experiments. In vitro growth competition experiments were carried out for H37Rv-ATCC isolate 8 (PDIM + ) and isolate 3 (PDIM 2 ). Cultures (OD 650 0.4) of both isolates were adjusted to OD 600 0.1 and mixed in a 1 : 1 ratio. This 'starter' culture was diluted 1 : 100 and incubated at 37 uC in a rolling incubator. At days 7 and 14 the culture was diluted 1/1000 and incubated at 37 uC for an additional week. Quantification of both isolates within the mixed culture was performed by qRT-PCR. At days 7, 14 and 21, 10 ml of the culture was used in the purification of genomic DNA. At day 0, 10 ml of the starter culture was used to quantify the initial starting ratio of both isolates. Two independent biological replicates were included in these competition studies.
Quantitative real-time PCR (qRT-PCR). Determination of the relative proportion of each strain within the competition experiments was accomplished by qRT-PCR using two sets of primers. Primers specific for the hspX gene (hspX-F, 59-GAATTCGCGTACGG-TTCCTTC-39, and hspX-R, 59-TGTCGTCCTCGTCAGCACC-39) were used for the relative quantification of the total bacterial population within the growing culture. Primers specific for ppsD (ppsD-A, 59-GCGGATCGCGTATCTGTTG-39, and ppsD-B, 59-TCTGACACGCCAAGTGAATTG-39) allowed us to quantify the proportion of bacteria that were PDIM positive due to the fact that ppsD is deleted in H37Rv-ATCC isolate 3 (PDIM 2 ). Primers specific for sigA (sigA1-F, 59-TCGCGCCTAC CTCAAACAG-39, and sigA1-R, 59-CGTACAGGCCAGCCTCGAT-39) were used as an endogenous control to normalize the amount of DNA template added to each qRT-PCR sample. qRT-PCRs were carried out in triplicate using a 7300 Real-Time PCR System (Applied Biosystems) and Power SYBR Green PCR Master Mix (Applied Biosystems). The relative standard curve method was used for quantification. Standard deviations (SD) were calculated according to the formula SD5(cv)(X), as specified by Applied Biosystems (Applied Biosystems, 2005) . X is the ratio of the mean values of the nominator (n) and denominator (d). cv is the coefficient of variation (standard deviation normalized to the mean values of each gene) calculated from the formula cv5![(cv n )
Transcriptional profile differences identified via microarray were confirmed by qRT-PCR of cDNA samples using primers specific for the ppsA gene (ppsA-A, 59-CCAAATCAGCACTTCGAAACC-39, and ppsA-B, 59-GGCCATTCAGTTTGTGTGTCA-39).
RESULTS
PDIM-deficient mutants arise spontaneously in vitro in the absence of selective pressure Prior to the current study, two publications in the last 30 years had reported that M. tuberculosis H37Rv could spontaneously lose the ability to synthesize PDIM during in vitro culture (Goren et al., 1974; Manjunatha et al., 2006) . The relative frequency with which we were observing PDIM-negative transformants for H37Rv (unpublished observations) had also led us to speculate that routine techniques such as electro-transformation (electroporation) and drug selection may have been selecting for PDIM-deficient clones, in a manner analogous to the highly transformable mc 2 155 variant of Mycobacterium smegmatis (Etienne et al., 2005; Snapper et al., 1990) . Due to the tremendous implications that the loss of PDIM has for M. tuberculosis virulence and pathogenesis studies, we felt it was necessary to understand the range of conditions and the frequency with which the loss of PDIM occurs.
We began by analysing the PDIM content of individual clones derived from two distinct H37Rv strains (H37Rv-ATCC, H37Rv-Pasteur) as well as a more recent clinical isolate, HN878, grown under four different experimental conditions. Both the ATCC and Pasteur lines of H37Rv were included in the study because of genetic evidence indicating that, at least to some degree, they should be thought of as distinct strains (Dubey et al., 2002) . Standard in vitro exponential-phase cultures were plated at a range of dilutions onto either 7H11 plates ('no treatment') or 7H11 plates containing kanamycin (Kan) for the selection of spontaneous Kan R mutants. The same cultures were used in the preparation of electrocompetent cells for transformation with the pMV361 (Kan R ) integrative vector and plated onto 7H11/Kan ('pMV361'). Lastly, the H37Rv cultures were also electroporated in the absence of any plasmid DNA and plated onto 7H11 ('no plasmid') or 7H11/Kan. With these four sets of conditions we evaluated the impact of antibiotic selection, electroporation and a combination of the two (antibiotic selection following plasmid transformation) on the isolation of PDIMdeficient mutants. Individual colonies from each treatment group (30-68 clones per group) were subcultured in 7H9 broth and metabolically labelled with [ 14 C]propionic acid. The apolar lipid fraction was then extracted and assayed for PDIM via TLC. As indicated in Table 1 , PDIM-deficient mutants were detected for all three M. tuberculosis strains under each of the conditions tested. Relative to the untreated controls, pairwise comparisons (Fisher's exact test, GraphPad Prism v4.0) revealed no statistically significant effect of any of the treatments on the appearance of PDIM-negative clones. As such, we conclude that the loss of PDIM occurs spontaneously as a consequence of in vitro culture, rather than due to any selective process encountered during plasmid transformation and drug selection.
Whilst we can only assume that our bacterial stocks are representative of those held in most other laboratories, our results suggest that any in vitro M. tuberculosis culture could potentially consist of a heterogenous mix of PDIMpositive and PDIM-negative clones. The exact ratio of the two is likely to change according to variations in culture conditions, length of time in culture, number of serial passages and the M. tuberculosis strain being used. Perhaps the most striking observation is that on average, 74 % of all H37Rv-ATCC colonies analysed in these experiments (n5183) were PDIM negative. It is not surprising, therefore, that we previously had some difficulty in isolating recombinants in this strain background that had retained PDIM. It should be noted that all efforts were made in the preceding experiments to use bacterial stocks that had been subject to the least amount of in vitro passage since obtaining them from their original source.
Loss of PDIM is the consequence of mutations accumulated during in vitro passage Fig. 1(a) shows a representative TLC of 24 colonies isolated from the H37Rv-ATCC strain (Fig. 1b) after plating directly from an exponential-phase culture ('no treatment'). Aside from the large percentage of colonies that lack detectable PDIM, there also appears to be *Results are from 1 (*) or 2 (**) independent experiments for each strain; ND, not determined.
Rapid loss of virulence-associated PDIM in vitro variation amongst the PDIM-positive clones with respect to the amount of PDIM that is produced. From Fig. 1(a) , isolates 8 and 20 show the greatest PDIM production whereas isolates 2, 9, 16, 18 and 21 are much weaker producers. We have also observed this variable PDIM production for the H37Rv-Pasteur and HN878 strains (data not shown). Although we continue to refer to these isolates in this study as being 'weakly PDIM positive' or 'PDIM +/2 ', it is conceivable that this phenotype could result from PDIM-positive and PDIM-negative cells forming microscopic aggregates ('clumps') in liquid culture that are not dispersed upon plating. In turn, the amount of PDIM extracted from subcultures derived from these mixed colonies would ultimately reflect the proportion of PDIM-positive and -negative cell types present.
To ascertain whether the variation in PDIM synthesis is a stable phenotype or is subject to some form of phase variation, three of the clones identified in Fig. 1(a) (two PDIM-positive and one PDIM-negative clone) were grown in 7H9 broth for 3 weeks and plated once more on 7H11. In each case, 24 daughter colonies were picked into 7H9, metabolically labelled and assayed for PDIM as described above. All subclones derived from the PDIM-positive clones retained the ability to synthesize PDIM (data not shown). None of the colonies derived from the PDIM-negative parent had reverted to become PDIM positive. Once the ability to produce PDIM is lost, strains appear unable to recover. The identification of distinct mechanisms leading to the loss of PDIM in H37Rv-ATCC is described below.
Rapid loss of PDIM synthesis during serial passage in vitro
In order to estimate the rate at which PDIM-negative clones are generated during standard in vitro culture, we selected two strongly PDIM-positive clones from the 'no treatment' groups (see above) of H37Rv-ATCC (clones 8 and 20; Fig. 1a ) and H37Rv-Pasteur. For each of the four isolates, two separate 7H9 broth cultures were inoculated and grown at 37 uC with constant rolling over a period of 20 weeks. Each week, one set of the duplicated cultures was diluted 1 : 25 in fresh 7H9 broth ('passage' group), while the other set of cultures was left rolling without additional fresh medium or passage for the entire duration of the experiment ('no passage' group). After 20 weeks, serial dilutions of the former were plated onto 7H11 for the isolation of single colonies prior to PDIM analysis. The second group was subcultured once in fresh 7H9 prior to plating so as to disperse the bacterial clumps that had formed during the 20-week incubation period. At the end of the 20 weeks, the frequency of PDIM-negative colonies was significantly higher in the 'passage' group (31 %) for H37Rv-ATCC than in the cultures that were left undisturbed (11 %; Table 2 ). This difference is likely to reflect the fact that the cultures being continuously passaged had undergone many more cycles of DNA replication and bacterial division. Once again we observed that the Pasteur variant of H37Rv appeared much less likely to generate PDIM-negative offspring in vitro than the ATCC-derived strain (Table 2) . Only one isolate within the group that was continuously passaged showed a defect in PDIM biosynthesis in this case (Table 2 ). Fig. 2 shows the TLC profile of the isolates collected from the two H37Rv-ATCC cultures that were subject to weekly subculture over a 20-week period. The PDIM content of the parental isolates (8 and 20) and the 24 subclones derived from each are shown in panels (a) and (b), respectively. The isolates derived from clone 8 appear to fall into two categories: those that completely lack PDIM (e.g. isolates 2, 6, 7 and 10) and those that produce PDIM in amounts similar to the parent. As described above, a third category appears to exist amongst the clone 20 derivatives -those that are weakly PDIM positive (e.g. isolates 2, 3, 6 and 7). In order to rule out the possibility that the observed differences were due to variation in the amount of lipid being loaded onto the TLC plates, we ran the same plates in a more polar solvent system that allows Table 1 and Fig. 1a ).
DFisher's exact test.
Fig. 2. Rapid loss of PDIM during serial passage of H37Rv in vitro.
After weekly subculture over a period of 20 weeks, apolar lipid extracts were prepared from 24 subclones derived from two of the strongly PDIM-positive cultures identified in Fig. 1(a) . Liquid cultures were radiolabelled with [1-14 C]propionic acid prior to extraction and the TLCs for PDIM detection were developed three times in petroleum ether/ethyl acetate (98 : 2, v/v) (panels a, b). Subclones derived from isolates 8 (panels a, c) and 20 (panels b, d) are shown and the parental isolates are indicated. The same TLC plates were also analysed for sulfolipid-1 (SL-1) (panels c, d). The solvent system in this case was chloroform/methanol/water (100 : 14 : 0.8, by vol.).
visualization of sulfolipid-1 (SL-1) (Fig. 2c, d ). As the amount of SL-1 appears to be relatively constant, we conclude that the differences in PDIM content are not attributable to sample-to-sample variation in lipid extraction or TLC loading technique, nor are they due to a more general cellular defect in lipid biosynthesis.
A range of mutations is responsible for the loss of PDIM in vitro
To investigate the range of mechanisms involved in PDIM loss in vitro, we performed whole-genome DNA microarray comparisons for six PDIM-negative isolates (Fig. 1a , nos 3-6, 10 and 16) and a weakly PDIM-positive isolate (no. 9) from the no-treatment group of strain H37Rv-ATCC (Table 1 ; Fig. 1a ). The two PDIM-positive isolates used as the comparators in these experiments were clones 8 and 20 (Fig. 1a) . For two of the PDIM-negative isolates (nos 3 and 4) we identified a deletion of approximately 29 kb that encompasses genes Rv2931 (ppsA) to Rv2938 (drrC) ( Table 3 ). The ppsA-E genes encode a PKS involved in phthiocerol synthesis (Trivedi et al., 2005) , and Mycobacterium bovis mutants disrupted in ppsC and ppsD have been shown to lack PDIM (Azad et al., 1997) . Similarly, M. tuberculosis mutants bearing inactivated drrB and drrC genes are defective in PDIM secretion, indicating that these two proteins transport PDIM across the mycobacterial cell wall (Camacho et al., 1999 (Camacho et al., , 2001 Waddell et al., 2005) . The deletion of both the pps and drr operons is undoubtedly responsible for the absence of PDIM from these two strains. Isolate 3 was also found to contain several other small deletions (e.g. iniA, purA and fadD14; Table 3 ) that most likely have arisen independently of the loss of PDIM. For the remaining PDIM-negative isolates, there were no obvious genetic lesions that could account for their deficiency in PDIM synthesis.
In an attempt to identify regulatory or transcriptional defects that may be associated with the loss of PDIM, we carried out whole-genome transcriptional analysis for the PDIM-negative strains that were not deleted in either the pps or drr loci. Among the five isolates studied, only isolate 9 showed a decrease in the expression of genes known to be involved in PDIM synthesis. In this particular isolate, the fadD26, ppsA, ppsB and ppsC (Rv2930-Rv2933) genes were all found to be downregulated relative to the PDIMpositive isolate 8 (Table 4 ). This result was subsequently (Fig. 3) . fadD26 encodes a fatty-acyl-AMP ligase that is involved in PDIM biosynthesis by converting long-chain fatty acids into acyl-adenylates, which then become substrates for the pps PKS system (Trivedi et al., 2005) . M. tuberculosis strains in which fadD26 has been inactivated are unable to synthesize PDIM and are attenuated in the mouse model of TB infection (Camacho et al., 1999 (Camacho et al., , 2001 ). As stated above, the genes that are known to be involved in the biosynthesis of PDIM are organized into a single large (~50 kb) cluster (Cole et al., 1998) . Within this cluster, fadD26, ppsA-E, drrA-C and papA5 [an acyl transferase that catalyses the esterification of phthiocerol and mycocerosic acid to form PDIM (Onwueme et al., 2005) ] are also reported to form a single transcriptional unit (Camacho et al., 2001) . Although the ppsD-papA5 genes did not appear to be downregulated when this clone was analysed by micorarray, qRT-PCR carried out using cDNA prepared from an independent RNA sample confirmed the downregulation of ppsD (Fig. 3) .
When analysed by microarray, none of the other PDIMnegative isolates (nos 5, 6, 10 and 16) revealed any consistent transcriptional differences across independent replicates that could account for the deficiency in PDIM. Interestingly, one isolate (no. 10) showed an increase in the expression of a small number of genes, two of which are associated with lipid metabolism (Table 4 ). The Rv0914c gene encodes a putative lipid carrier protein or keto acylCoA thiolase thought to be involved in fatty acid boxidation, whilst accA2 encodes one of the subunits of an acetyl/propionyl-CoA carboxylase. The latter is involved in malonyl-CoA or methylmalonyl-CoA formation, the essential first step in fatty acid biosynthesis. Although not tested as part of this study, it is possible that the upregulation of these two genes is a direct consequence of this isolate's inability to synthesize PDIM.
Loss of PDIM confers a growth advantage in vitro
Despite the fact that we had detected a range of mutation types associated with PDIM loss in vitro, it would seem ). Relative expression data (RQ, or relative quantity) were obtained using primers specific for the ppsA and ppsD genes normalized to the sigA housekeeping gene. The cDNA used in these experiments was prepared from RNA samples obtained independently of the samples analysed via microarray (Table 4 ) and serves to confirm the array data. Each cDNA sample was assayed twice (in triplicate) and standard deviations are indicated.
Rapid loss of virulence-associated PDIM in vitro highly unlikely that we would observe such a high proportion of PDIM-negative clones over such a short time-frame (see Table 2 ) unless there was at least some growth advantage attributable to the loss of PDIM. To test this hypothesis, we initially carried out a series of standard in vitro growth curves for H37Rv-ATCC isolates 8 and 20 (PDIM + ), 3 and 5 (PDIM 2 ) and the weakly positive isolate, 9 (PDIM +/2 ). Based on OD 600 measurements, we were able to demonstrate a slight, yet consistent, growth increase for each of the isolates defective in PDIM synthesis relative to the two PDIM-positive controls (Fig. 4a) .
Measuring growth within independent liquid cultures does not address the question of relative growth dynamics for cultures that are a heterogeneous mixture of PDIMpositive and -negative clones. Therefore, we also conducted an in vitro competition experiment for mixed cultures of isolates 8 (PDIM + ) and 4 (PDIM 2 ). Isolate 4 had previously been shown to have a large genomic deletion spanning the ppsA-drrC region (Table 3 ). The two cultures were initially adjusted to the same cell density, mixed in a 1 : 1 ratio and incubated at 37 u C with rolling for a total of 21 days. As detailed in Methods, the mixture was subcultured on days 7 and 14. Relative quantification of each isolate within the mixed population was accomplished by qRT-PCR of genomic DNA purified from culture aliquots harvested on days 0, 7, 14 and 21. Primers specific for the ppsD gene, absent from isolate 4 (PDIM 2 ), were used to estimate the proportion of the mixed culture that was PDIM + . Primers specific for hspX (present in both isolates) were used as a reference to estimate the total cell population. Fig. 4(b, left) shows the results of the qRT-PCR using DNA purified from the two starter cultures prior to mixing. Both the ppsD and hspX genes are detected in the PDIM-positive isolate 8 (Rv-8), whereas ppsD is clearly absent from the PDIM-negative isolate 4 (Rv-4). This latter result confirms the results obtained for the microarray comparisons (Table 3) . At the initial time point of the competition experiment (day 0), 67 % of bacteria in the mixed culture were determined to be ppsD + (Fig. 4b,  right) . By day 21, this percentage had dropped to 29 %, indicating that the relative proportion of the PDIMpositive clone had decreased approximately twofold. By subtraction, the proportion of the PDIM-negative clone had risen from 33 to 71 % over the course of 3 weeks. These same trends were observed for a competition experiment carried out with isolates 3 and 8 (data not presented). Like isolate 4, isolate 3 also bears a large deletion in the ppsA-drrC region (Table 3 ). These data confirm that the inability to synthesize PDIM can, at least in some instances, confer an enhancement of growth rate in vitro that contributes to these strains' ability to dominate over time within a heterogeneous cell population.
DISCUSSION
To date, the overwhelming majority of laboratory studies aimed at deciphering the mechanistic basis for M.
tuberculosis virulence have employed the ubiquitous H37Rv strain. Derived in vitro from the H 37 pulmonary isolate by researchers at the Trudeau Institute in the mid-1940s (Steenken, 1950) , it has served as the primary reference strain for M. tuberculosis research across the globe ever since. To a large extent, the widespread acceptance of H37Rv has recently been driven by the availability of the complete genome sequence for this strain (Cole et al., 1998) . The availability of sequence information has also contributed to the situation where the vast majority of recombinant M. tuberculosis clones, including those used for in vivo pathogenesis and vaccination experiments, have now been generated in the H37Rv background. Unfortunately, our data presented herein add to a mounting body of recent evidence (Andreu & Gibert, 2008; Kana et al., 2008; Manjunatha et al., 2006) indicating that a substantial proportion of H37Rv stock cultures held around the world contain a high percentage of cells lacking PDIM -a cell-wall-associated wax that is essential for full virulence in vivo.
A direct link between PDIM loss and an attenuation defect in vivo was confirmed at the genetic level for two independent strains of M. tuberculosis back in 1999 (Camacho et al., 1999; Cox et al., 1999) . In each of these two studies, the level of in vivo attenuation afforded through the loss of PDIM was approximately 50-fold in mouse lungs by just 3 weeks post-infection. We have subsequently described the same level of attenuation for an MmpL7 mutant generated in H37Rv (Domenech et al., 2005) . MmpL7 is the transmembrane transport protein necessary for PDIM export. To the best of our knowledge, the association between the spontaneous loss of PDIM from H37Rv in vitro and attenuation in vivo was first reported in 1974 (Goren et al., 1974) . Prior to initiating the present study, we were aware of only one other publication that had commented on the isolation of PDIM-negative clones from H37Rv-ATCC cultivated in vitro (Manjunatha et al., 2006) . In that particular study, mutants selected for resistance to the nitroimidazole compound PA-824 were found to have lost the ability to synthesize PDIM independently of the drug selection process. Sixty per cent of PA-824 R clones that were subject to comparative genome sequencing in that study were found to contain genomic deletions or point mutations within the PDIM locus. While our study was under way, two independent publications have reported similar findings with respect to PDIM loss in H37Rv-ATCC. One reported the complete absence of PDIM from the parental H37Rv culture (ATCC 25618) that was used in the construction of a series of resuscitation-promoting factor (rpf)-like gene mutants (Kana et al., 2008) . Interestingly, the ATCC stock in that case is apparently distinct from the ATCC 27294 stock used in our work and the work of Andreu & Gibert (2008) . Similar to the findings reported herein, these two authors have recently reported on a PDIMpositive stock culture that had become 75 % PDIM negative after routine subculture on solid media (7H10 agar) every 4-6 weeks over a period of 2 years (#20 passages). We observed loss of PDIM from approximately 30 % of clones after the same number of serial passages carried out in liquid culture (Table 2) .
Two factors seem to contribute to the rapid emergence of PDIM-negative clones in vitro. Firstly, multiple independent mutations appear to be occurring simultaneously that result in the loss of PDIM. Secondly, the fact that these mutants are no longer synthesizing PDIM affords them a competitive growth advantage within a heterogeneous population (Fig. 4a) . We describe two distinct mutation types in this study: genomic deletion and regulatory mutations that affect the expression of genes within the PDIM biosynthetic pathway (Tables 3 and 4 ). For two of our PDIM-less isolates (nos 3 and 4; Fig. 1a) , we have uncovered a 29 kb deletion encompassing ppsA to drrC (Table 3) . Although not confirmed by sequencing, we assume these two clones are both derived from the same progenitor, given that they appear to contain the same deletion. For isolate 9, either a mutation affecting promoter activity or some other type of regulatory mutation has taken place that impacts expression of genes within the fadD26-papA5 transcriptional unit. It is most likely that one or more unspecified point mutations affecting translation or protein function have occurred within the other PDIM-deficient strains. As mentioned above, genomic deletions and point mutations resulting in the loss of PDIM synthesis have been described by Manjunatha et al. (2006) , whilst Andreu & Gibert (2008) have also reported regulatory changes leading to the downregulation of the mas gene. The mas gene encodes the PKS that synthesizes the multi-methyl branched mycocerosic acids that form part of the complex PDIM structure (Azad et al., 1996) .
Although throughout this study we have referred to the loss of PDIM from in vitro cultures as being a 'spontaneous' process, a more accurate description would probably be that PDIM synthesis in vitro is being strongly selected against. This is perhaps not surprising, given the high energetic cost of replicating, transcribing and translating a #50 kb DNA cluster consisting of 15 separate open reading frames encoding proteins involved in at least 35 catalytic steps (Trivedi et al., 2005) . On top of this is the additional energy necessary for the synthesis and transport of an abundant .90-carbon wax-like compound. The extreme length of time that H37Rv has been adapted to in vitro culture (the H 37 progenitor was first isolated in 1905) is presumably the reason why the proportion of PDIMnegative clones in stocks of this strain is so high. However, it is still not apparent to us why H37Rv-ATCC would be more likely to lose the ability to synthesize PDIM in vitro than an alternative line of H37Rv we included in this study (H37Rv-Pasteur). It is possible that mutations that have already been described in other lipid biosynthetic pathways (e.g. pks3/pks4)) in H37Rv-Pasteur are responsible for this distinction (Dubey et al., 2002) .
M. tuberculosis stocks (H37Rv or otherwise) that are a heterogeneous mixture of PDIM-positive and PDIMnegative cell types clearly present a major issue with regard to the identification and interpretation of putative virulence factors. If researchers are unaware of this situation, it is not difficult to imagine a scenario where PDIM-negative recombinants are isolated and compared in vivo alongside mixed parental cultures that contain a proportion of cells producing PDIM and that are fully virulent. A role in virulence could easily be misassigned in this case. Conversely, it is also possible to envisage a situation where particular molecules that are essential for full virulence in wild-type bacteria may be obscured from detection in the complete absence of PDIM. Likewise, unless extreme care is taken to start out with a culture that is 100 % PDIM-positive (e.g. derived from a single PDIM + clone or from a stock culture passaged through mice to enrich for virulence) when carrying out whole-genome in vivo screens involving, for example, TraSH (Rengarajan et al., 2005; or signature-tagged mutagenesis (Mazurkiewicz et al., 2006) , then the potential for false-positive 'hits' with these types of techniques is very high. Indeed, the two original M. tuberculosis signature-tagged mutagenesis screens and an in vivo TraSH screen were very efficient at identifying clones that had specific insertions that inactivated PDIM biosynthetic pathways (Camacho et al., 1999; Cox et al., 1999; . As a matter of course, we now screen all our recombinants for PDIM production and our parental strains are frozen down from cultures inoculated with isolated PDIM-positive clones (e.g. clones 8 and 20, Fig. 1a) . The findings described herein should also serve to further emphasize the importance of including the relevant complementation strains when carrying out phenotypic analyses that involve recombinant strains.
Although we have focused much of our attention in this study on H37Rv, the problems associated with PDIM loss in vitro are not unique to this strain. For instance, we have also identified a small proportion of PDIM-negative subclones within an in vitro liquid culture of HN878 (Table 1) . This W/Beijing isolate was first routinely cultured in laboratories around 1999 (Manca et al., 1999) . Other researchers have noted that clinical isolate MT103 became defective in PDIM synthesis after being held in culture continuously for 18 months (Cardona et al., 2006) . Finally, we have also screened a more recent W/Beijing clinical isolate ('B-4') that has spent only a minimal amount of time in in vitro culture. Out of 44 individual colonies that were analysed for this particular isolate, 100 % were PDIM positive (data not shown). These results tend to support the idea that length of time in culture is a predisposing factor that contributes to the loss of PDIM in vitro.
In summary, routine in vitro culture of M. tuberculosis appears to select for the loss of PDIM via a variety of mechanisms. All strains, and in particular H37Rv, that have been repeatedly subcultured should be suspected of containing a heterogeneous population of PDIM-positive and -negative cell types. In the future, it is incumbent upon all researchers undertaking comparative virulence studies to confirm the presence of PDIM within both recombinant clones and the parental strains they are derived from.
